Results are presented of a study to monitor the changes in the optical properties of breast tissue over a 12-month period after interstitial laser photocoagulation treatment of a fibroadenoma. The study involved generating cross-sectional images of the breast with a multichannel time-resolved imaging system and a nonlinear image reconstruction algorithm. Images of the internal absorbing and scattering properties revealed the expected initial inflammatory response, followed by the development of low-scattering cysts consistent with corresponding ultrasound examinations. Although results indicate that purely qualitative images can potentially provide clinically valuable data, means of enhancing diagnostic information by overcoming present limitations of the approach are discussed.
Introduction
Near-infrared (NIR) imaging of the breast, more generally known as optical mammography, is currently being explored by numerous research groups as a means of detecting and characterizing breast disease. [1] [2] [3] [4] [5] [6] [7] [8] Characteristic absorption by hemoglobin and other tissue chromophores (e.g., fat or water) at NIR wavelengths provides a means of identifying differences between normal and diseased tissues that are not evident with established diagnostic imaging methods such as x-ray mammography and ultrasound. Although the development of optical mammography as a means of routine screening for early incidence of breast cancer in asymptomatic women is not universally regarded as an achievable goal, several applications have been identified for which the technique may be beneficial for specific patients. For example, optical imaging may be particularly effective for younger women, for whom x-ray mammography has only a limited role because of the inability to penetrate dense breast tissue, and there are concerns about the risks associated with x-ray exposure and about the discomfort associated with compression. It has recently been proposed that NIR imaging may be useful for prescreening younger women to identify those at increased risk of developing disease. 9 The facility to study tissue function, such as the oxygenation status of hemoglobin, may also make optical imaging a potent tool for detecting response to new and existing forms of therapy. 10 A further potential application of NIR imaging, which is the focus of the work presented here, is the assessment and monitoring of surrounding healthy tissues after treatment. At our institution, we offer interstitial laser photocoagulation (ILP) as a routine treatment for fibroadenomas, which are common benign breast lumps typically occurring in young women. The procedure involves the application of laser energy to the fibroadenoma, which causes heating of the lesion, coagulative necrosis, and the induction of an inflammatory response that results in resorption of the lump over a period of up to 12 months. Overall, 89% of patients respond to ILP. 11 It would be highly advantageous to be able to monitor response to ILP, and hence identify nonresponders early and enable them to be considered for further laser treatment or surgical excision.
The challenge of optical mammography is to maximize the achievable contrast and spatial resolution, which are limited because of the severe scatter of light as it passes through breast tissue. As a consequence of poor resolution, many previous attempts to image the breast optically over the past 70 years have met with little success. 12 Methods currently being pursued generally involve either compressing the breast between two parallel arrays of sources and detectors (or between plates over which individual sources and detectors are scanned) or coupling sources and detectors in one or more rings around the surface of the uncompressed breast. The former approach is particularly appropriate for generating single projection images, while the latter is more readily able to yield depth information sufficient for a full three-dimensional (3D) image reconstruction. Most experimental systems offer one of three types of measurement: continuous-wave (cw) intensity values; times-of-flight (in response to illumination by a short pulse); and amplitude and phase data (in response to an intensity modulated source). Measurements are usually performed at two or more wavelengths to distinguish the contributions of different chromophores.
At University College London we have adopted a 3D imaging scheme based on a 32-channel timedomain imaging system, described by Schmidt et al. 13 The instrument is also employed to generate 3D optical images of the brains of newborn infants in order to display the spatial variation in blood volume and oxygenation of babies suspected of suffering hypoxicischemic brain injury. 14 The instrument records the temporal distribution of transmitted light at up to 32 locations on the surface simultaneously in response to illumination by picosecond pulses of light at wavelengths of 780 and 815 nm. Images are generated with a reconstruction package known as TOAST (Temporal Optical Absorption and Scattering Tomography), which determines the optical parameters that describe a finite-element model (FEM) of photon migration within an object by comparing its predictions with the measured data. 15 The model is then adjusted iteratively to minimize the difference between the two. In practice, TOAST accommodates data in the form of specific datatypes, which represent certain characteristics of the measured signal, such as temporal moments. 16 In the following sections we describe the first attempt to monitor the response to ILP treatment by use of optical tomography. The study involved multiple scans of a single patient over a period of 12 months using our time-resolved imaging system. The aim was to generate maps of the internal optical properties of the breast and to determine any qualitative changes occurring over the period of recovery.
Method

A. Imaging Geometry
To acquire time-of-flight measurements across the breast, we initially constructed a conical fiber holder in the form of three connecting plastic rings. The design was influenced by three important factors. First, to make the optimum use of our relatively small number (32) of detecting channels, it is desirable to place sources and detectors in close contact with the breast, so that as much information as possible comes from the volume of interest. Second, to accommodate a wide range of breast sizes, the geometry must be reasonably adjustable. Third, the reconstruction algorithm requires that the sources and detectors are fixed at precisely known positions during a measurement and that the shape of the breast is known. Although the conical holder was successfully employed to generate 3D optical images of tissue-equivalent breast phantoms, 17 in practice it was rarely possible to couple more than one ring to a given breast. Therefore our patient studies have been restricted to the use of single rings, which are mounted in an adjustable frame described in detail elsewhere. 18 The volunteer leans against the frame with either the left or the right breast placed in either of the two holes. The rings around the holes are of different diameters to accommodate various breast sizes. The volunteer sits or stands, with her raised arms and head resting on a cushioned pad mounted on the top of the frame. The height of the rings and the tilt angle of the frame are both adjustable. Sixteen pairs of source fibers and detector fiber bundles are attached to each ring by connectors that provide a common circular illumination and detection area with a diameter of 6 mm. ing the diagnosis of fibroadenoma. The fibroadenoma was treated by interstitial laser photocoagulation under local anesthetic and sedation, and follow-up clinical and ultrasound examinations of the patient were performed at 3-month intervals. Optical imaging scans of the patient were performed 1 week before and 1 week after treatment, and immediately after each of four follow-up visits to the breast clinic. A single ring of 16 source-detector pairs was employed, with a diameter of 11 cm. The ring fitted around the breast close to and parallel to the chest wall, surrounding a plane in which the lesion was located. The breast was illuminated at each source position in turn for 15 s by use of interlaced trains of picosecond pulses at both wavelengths, while times-of-flight of transmitted photons were measured by each of the 16 detectors simultaneously. A series of computercontrolled variable optical attenuators were preprogrammed to maximize the amount of light reaching each detector without exceeding the maximum photon count rate of the electronics (approximately 2.5 ϫ 10 6 counts per second). The average source power was approximately 25 mW, and the total scan duration was approximately 5 min, during which the patient experienced no discomfort. Care was taken to ensure that the position of the breast within the ring was as similar as possible for each scan.
Two calibration measurements were performed immediately after each patient scan. First, an identical scan was performed on a homogeneous conical breast phantom, with a known absorption coefficient a of 0.007 mm Ϫ1 and a known transport scatter coefficient s Ј of 0.8 mm Ϫ1 (at 800 nm). 17 These properties were chosen to provide temporal measurements very similar to most patients scanned with the system. Second, the source is heavily attenuated and deliberately backreflected off the (phantom or skin) surface within each connector to provide an absolute temporal characterization of each source and detector channel. 19 
C. Data Processing and Image Reconstruction
The first processing step involves deconvolving the temporal characteristics of the system from both the patient and the phantom data by use of the calibration measurements as described elsewhere. 19 Appropriate datatypes are then computed numerically from the deconvolved distributions. Thereafter it is necessary to identify and eliminate any spurious datatypes resulting from temporal jitter in individual detectors, poor patient-ring contact, or extremely low photon counts. In practice, one identifies these by displaying the values computed for each source position as a function of source-detector separation, which should exhibit a smooth trend.
A 3D FEM mesh was generated with a geometry based on the cone phantoms described previously. 17 For these single-ring breast measurements, the cone mesh was restricted to a volume extending 10 mm above and below the 11᎑cm diameter slice containing the sources and detectors. The FEM volume mesh contains 12,325 tetrahedral elements with quadratic interpolation functions having a total of 18,589 nodes. To minimize systematic error in the images reconstructed from a given set of datatypes, the FEM model should incorporate the precise positions and profile characteristics of each source and detector within the ring. However, the required precision can be reduced significantly if the reconstruction algorithm employs differences between the datatypes acquired on the object of interest and a reference object with a similar geometry and known optical properties. This approach has been employed previously for imaging the infant brain. 20 Therefore for each breast scan, differences were computed between the datatypes acquired on the breast and the datatypes acquired by use of the homogeneous breast phantom.
Although the TOAST reconstruction algorithm can accommodate various datatypes, the availability of usable datatypes derived from the breast scan data was unfortunately limited to mean flight time. The coupling of light into and out of the breast is both uncertain and variable (owing to dependency on local skin texture, colour, moisture, etc.), and consequently, we found that the use of intensity measurements was not sufficiently robust to obtain a reliable image. Temporal variance was also explored as a potential datatype, but values were found to be too noisy at large source-detector separations because of poor photon statistics.
Previous computer simulations and phantom experiments have indicated that the use of a single datatype (difference in mean flight time in this case) is unlikely to be sufficient to adequately separate the effects of the internal scattering and absorption properties, and a degree of cross talk between these parameters is inevitable. 16 Therefore we first reconstructed a set of 3D images of the absorption coefficient only, assuming (unrealistically) that scatter was uniform and constant throughout the breast. Sixteen iterations were performed with the TOAST reconstruction package, starting from a homogenous estimate with properties corresponding to those of the breast phantom. Although these absorption images must necessarily exhibit features owing to local variation in both absorption and scatter, such reconstructions typically display less artifact because of the unpredictable cross talk between the parameters. Second, we reconstructed separate scatter and absorption images at both wavelengths anyway, although wary that cross talk may be significant. Figure 2 shows the absorption images acquired at a wavelength of 780 nm, resulting from each of the six scans, where scatter was held constant. Each represents the transverse slice across the 3D reconstructed image, corresponding to the ring of sources and detectors. The 16th iteration is displayed in each case, at which point the iterative process had evidently converged. Almost no qualitative difference was ob-served between these images and those acquired simultaneously at 815 nm (not shown). The six images are displayed with the same absolute scale of absorption coefficient, although the maps cannot be considered quantitative owing to the inevitable (and unknown) variation in scatter coefficient.
Results
A. Absorption Images Reconstructed Assuming Constant Scatter
The image acquired 1 week before treatment [ Fig.  2(a) ] exhibits no strongly dominant feature, although the region of higher absorption located just above and slightly to the right of center is consistent with the expected position of the fibroadenoma. However, our previous scans of patients who have fibroadenomas have suggested that such lesions do not always produce significant optical contrast, and Taroni et al. 5 also found that fibroadenomas do not appear to have a unique optical signature. One week after surgery, the image [ Fig. 2(b) ] is dominated by a feature almost certainly due to the induction of a significant acute inflammatory response, with its associated increased blood supply (causing high absorption at both wavelengths) around the site of the recovering tissue. This inflammation is expected to disperse over a period of weeks as the tissue recovers, and as anticipated, this region exhibits a large reduction in contrast in the image acquired 3 months after surgery [ Fig. 2(c) ]. However, after 6 months, while we expected to observe a further decrease, the image displays two dominant features and an overall enhancement in contrast [ Fig. 2(d)] .
To interpret the absorption images presented in Fig. 2 it is necessary to consider how local changes in scatter are likely to influence their appearance. A decrease in local scattering causes the measured temporal distribution of photon flight times to become narrower, which also occurs in the presence of a local increase in absorption. Narrowing of the distribution produces a decrease in the mean flight-time datatype.
As a consequence, these absorption images reconstructed assuming constant scatter display regions of low scatter as absorption maxima and regions of high scatter as absorption minima. Following the 6-month scan, we compared the optical results achieved so far with images recorded during corresponding ultrasound scans. Figures 3(a)  and 3(b) show ultrasound images of the treated region of the breast obtained 3 and 6 months, respectively, after surgery. Although both scans nominally correspond to the coronal plane viewed from the top of the breast, and therefore have an orientation roughly equivalent to that of the optical images, manual compression of the breast during ultrasound examination means that a precise quantitative comparison of structure cannot be made. Nevertheless, we note that the ultrasound image acquired at 3 months shows a single large cyst, which is accompanied by a second smaller cyst after 6 months. During the third follow-up visit (9 months after surgery) the patient elected to have the larger cyst drained by FNA. The small sample of oily, clear, slightly yellow fluid extracted from the cyst was later analyzed and found to have optical properties at 800 nm consistent with fat. On the following day an optical scan was performed, and the image is shown in Fig. 2(e) . The feature corresponding to the cyst observed after 3 months is now gone, and the contrast due to the second cyst (apparent after 6 months) is reduced. Instead, the most dominant feature in the image occurs at the surface at the position corresponding to the entry of the FNA needle. This procedure inevitably produces a degree of surface bruising (resulting in increased absorption by blood immediately below the skin), as indeed was reported by the patient herself during the optical scan. The cause of a second dominant feature at the lower right of the optical image is less certain. It occurs at a region where a local peak is observed in all previous optical scans, although with a smaller amplitude. Therefore the most likely origin of this feature is normal healthy breast tissue, and variability in contrast may be due to differences in the positioning of the breast within the ring between scans (although efforts were made to minimize this). Exploratory ultrasound scans performed during the fourth follow-up visit found nothing suspicious around the apparent site of this feature.
The image acquired 12 months after surgery [ Fig.  2(f) ] has a very similar appearance to that obtained 3 months earlier, but without the highly absorbing feature at the surface caused by the FNA. There is still evidence of the second cyst just to the left of center and of the feature of unknown origin at the lower right. There are also very strong similarities to the image acquired 1 week before treatment. The ultrasound scan [ Fig. 3(c) ] confirmed the remains of a small cyst (the dark area on the left), as well as residual fibroadenoma (on the right) that was no longer palpable. Figure 4 shows the pairs of absorption and scattering images acquired at 780 nm for each of the six scans. The absorption images are similar in structure to those generated assuming constant scatter (Fig. 2) . The scatter images exhibit a large variation within each image, although many of the most dominant features are common to all six scatter images (such as the high-scattering feature on the left-hand edge and the low-scattering feature along the top right surface). Again, the fibroadenoma [expected at the top right of Fig. 4(a) ] does not exhibit high contrast in either absorption or scatter. The images acquired 1 week after treatment [ Fig. 4(b) ] reveal a large local peak in absorption as before and the first evidence of an internal region of low scatter, just to the left of center. At 3 and 6 months after treatment the lowscatter feature grows significantly in size, although the scatter image at 6 months [ Fig. 4(d) ] does not reveal the binary structure as dramatically as the corresponding absorption image reconstructed assuming constant scatter [ Fig. 2(d) ]. After aspiration of the larger cyst [ Fig. 4(e) ], the low-scatter region is much reduced. The bruising caused by the FNA needle is evident only as a peak in absorption, which is consistent with a local increase in blood content. It is interesting to note that feature we attributed above to healthy tissue structure at the lower right of each image exhibits much less variation in the absorption images than in the scatter images. At 12 months after treatment, the image pair [ Fig. 4(f) ] strongly resembles the images obtained before treatment [ Fig. 4(a) ]. Absorption and scattering images were also generated from the data acquired simultaneously at 815 nm. The images were qualitatively very similar to those acquired at 780 nm, and therefore are not shown here.
B. Absorption and Scattering Images Reconstructed Simultaneously
Discussion
The appearance of features within the optical images correlates very well with known and expected behavior of the breast tissue in response to ILP treatment. The images acquired assuming constant scatter provide sufficient resolution and sensitivity to detect regions of increased blood volume and the growth and evolution of cysts. Despite a degree of parameter cross talk due to the use of a single datatype, we have also demonstrated a distinction between such regions based on their absorbing and scattering properties.
To fully exploit the utility of 3D optical tomography as a functional imaging modality requires that images of optical properties can be converted into displays of more directly useful physiological parameters, such as concentrations of oxyhemoglobin and deoxyhemoglobin, blood volume, and blood oxygenation. Despite optical tomography having been achieved previously for both breast imaging 21, 22 and brain imaging, 20, 23 the images presented here are insufficiently quantitative to yield accurate images of such quantities. To obtain improvements in quantitation it is essential to achieve better separation between scatter and absorption, which can be accomplished with suitable combinations of datatypes. A further drawback of the current imaging system is the limited sampling of the breast surface. Confinement of all sources and detectors to a single ring prevents the reconstruction of a true 3D image, since it is impossible to distinguish between absorption and scatter occurring above the plane from that occurring below it.
To address the limitations inherent in our current approach we are developing a new fiber coupling system based on a fluid-filled cup into which the breast is placed, similar to the method employed by Philips. 24 The new device will accommodate a much broader variety of breast sizes; will provide a constant (and measurable) coupling, enabling the use of intensity data; and will provide a true 3D sampling of the breast volume. The outcome should be a more accurate separation between absorption and scatter, leading to improved quantitation of optical properties, and the provision of reliable functional information (e.g., blood volume and oxygenation).
The initial results presented here are very encouraging, and further studies are clearly needed to establish whether optical imaging can be used to monitor response to ILP and other novel treatments for benign and malignant breast disease. It is particularly important to determine whether specific optical signatures exist that correlate with clinical outcome. The ability to identify the response to treatment early not only will have a significant benefit for individual patients but also can help validate and improve the treatment procedures themselves.
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